Introduction
Reduction in plasma levels of low-density lipoprotein cholesterol (LDL-C) remains the cornerstone of strategies to reduce the risk of cardiovascular disease (CVD) in both primary and secondary prevention patients. Statins have been shown to lower LDL-C levels and reduce the risk of CVD in virtually all types of patients. However, despite treatment with statins according to current guidelines, considerable residual risk for CVD remains. Accordingly, research efforts have focused on identification of additional LDL-C-lowering strategies.
In recent years, clinical studies have addressed the safety and efficacy of inhibitors of proprotein convertase subtilisin/ kexin type 9 (PCSK9), which plays a pivotal role in LDL-C metabolism by virtue of its inhibitory effect on recycling of the LDL receptor.
Antibody neutralization of PCSK9, through subcutaneous injection of anti-PCSK9 antibodies, appears safe and effective for reducing LDL-C in patients on standard-of-care lipid-lowering therapies, including statins. Several PCSK9 antibodies have reached late-stage development, typically demonstrating LDL-C reductions of 60% or greater when administered every 2 or 4 weeks.
1 -3 Notably, however, large dosages are required to sustain LDL-C reductions when administered at monthly intervals. For chronic administration, less frequent subcutaneous dosing would clearly be preferable. LY3015014 (LY) is a humanized immunoglobulin G4 (IgG4) monoclonal antibody characterized by a comparatively long duration of action demonstrated in preclinical studies. 4, 5 The durability in LDL-C reduction may result from LY binding to a site that permits normal proteolytic cleavage of PCSK9, which may result in a reduction of target-mediated drug disposition. Based on these data, we hypothesized that administration of LY every 8 weeks might be sufficient for LDL-C reduction and offer a significant dosing advantage over other anti-PCSK9 antibodies that require dosing every 2 or 4 weeks. Thus, the aim of our current study was to evaluate the LDL-C reduction following subcutaneous administration of LY every 4 or 8 weeks in patients with primary hypercholesterolaemia, when added to a background of standard-of-care lipid-lowering therapy.
Methods Patients
This was a multicentre, randomized, double-blind, parallel, placebocontrolled clinical study that enrolled patients aged 18 -80 (≥20 years age lower limit in Japan; ≤65 years age upper limit in Czech Republic) with primary hypercholesterolaemia, defined as LDL-C ≥80 mg/dL (subset between 80 and 100 mg/dL capped at 20% of patients) and triglycerides (TG) ≤450 mg/dL (see Supplementary material online, Figure S1 for study diagram). Patients with probable or definite diagnosis of heterozygous familial hypercholesterolaemia based on clinical criteria (US MedPed Program, Simon Broome Register Group or Dutch Lipid Clinic Network) or genotype (LDL receptor, ApoB or PCSK9 mutation) (at least 20%) and with polygenic hypercholesterolaemia were included. Patients were required to be on a stable diet and with or without stable use of ezetimibe or statin for at least 6 weeks. Subset not on a statin with an unconfirmed 'history of statin intolerance' was capped at 20%. See supplementary information for key inclusion/exclusion criteria.
The trial was approved by Independent Ethics Committees, and each patient provided written informed consent. The trial was conducted in accordance with the principles of The Declaration of Helsinki and Good Clinical Practice Guidelines and was registered on Clinicaltrials.gov (NCT01890967).
Study design
All patients underwent a Screening and Run-in Phase up to 8 weeks to stabilize diet and statin and/or ezetimibe dose and to adequately wash out of other lipid-modifying therapies. The study evaluated 16 weeks of treatment with LY, and patients were randomly assigned, in a 1 : 1 : 1 : 1 : 1 : 1 ratio, to receive subcutaneous injections of LY into an abdominal wall skinfold, at the doses of 20, 120, or 300 mg every 4 weeks (Q4W); 100 or 300 mg every 8 weeks (Q8W) (alternating with placebo Q4W); or placebo Q4W. Efficacy assessments included LDL-C, non-HDL-C, ApoB, TG, HDL-C, Lp(a), free PCSK9, and high-sensitivity C-reactive protein (hsCRP). Safety was assessed throughout the study by monitoring adverse events (AEs), laboratory assessments, vital signs, as well as physical examination.
Randomization
Randomization was performed by an interactive web response system. The dynamic allocation (minimization) method was used to stratify based on HeFH or polygenic hypercholesterolaemia, geographic region, history of diabetes, statin dose [none, low/mid-dose, or high dose (atorvastatin 40 -80 mg; rosuvastatin 20 -40 mg)], ezetimibe use, baseline LDL-C (≥80 to ,100 mg/dL; ≥100 mg/dL), and prior possible exposure to PCSK9 antibody.
Clinic visits and laboratory tests
Patients were examined during scheduled visits every 2 weeks during the 16-week treatment phase and at follow-up visits 4 and 8 weeks after completion of the treatment phase. Lipoprotein levels, including calculated LDL-C, and safety laboratory measurements were obtained at all visits. Low-density lipoprotein cholesterol by beta quantification was measured at baseline (after the screening and run-in phase) and Week 16. A central laboratory (QLabs) performed all biochemical determinations. Low-density lipoprotein cholesterol was performed by beta quantification (ultracentrifugation followed by enzymatic determination) at Pacific Biometrics. See supplementary information for additional assay methodologies. All reported deaths, myocardial infarctions, strokes, hospitalization for unstable angina, and coronary revascularization procedures were adjudicated by a blinded clinical endpoint committee. Safety data were also subject to periodic review by the Data and Safety Monitoring Board.
Statistical analysis
Randomized patients who took at least one dose of study treatment were included in the safety analyses. The efficacy analyses were performed for dosed patients with a baseline measurement and at least one post-baseline measurement of the analysed parameter. Between-treatment comparisons were made at a two-sided significance level of 0.05.
Demographic and baseline characteristics were summarized using frequencies for categorical variables, and means with standard deviations or medians with inter-quartile ranges (IQR) for continuous variables. Frequencies of AEs are summarized by treatment group.
The primary efficacy endpoint, per cent change in LDL-C measured by beta quantification from baseline to end of treatment or early discontinuation, was analysed using analysis of covariance (ANCOVA), with baseline LDL-C measured by beta quantification, disease state, and statin dose as covariates and treatment as a fixed effect. Secondary efficacy endpoints, including changes and per cent changes in calculated LDL-C, HDL-C, TG, non-HDL-C, ApoB, CRP, Lp(a), and free PCSK9 level, were analysed by mixed effects model repeated measures (MMRM), with baseline analysed efficacy measurement, disease state, and statin dose as covariates and treatment, visit, and treatment by visit interaction as fixed effects. See supplementary information for additional statistical methodology.
Results

Participants
Between 27 June 2013 and 2 January 2014, 807 patients were screened at 61 sites, and 527 patients were randomized to treatment ( Figure 1) ; see Supplementary material online, Table S1 for sites and enrolment by country. Baseline characteristics were similar for all treatment groups (Table 1) .
Overall, the majority of patients were male (53.6%) and white (68.6%). Mean age was 58.4 years (22 -81 years). Of all patients, 10.0% were on atorvastatin 40 -80 mg or rosuvastatin 20 -40 mg, 69.7% were on other statin types or doses, and 20.2% were not using a statin. Ezetimibe use was reported in 13 
Efficacy
The effects of placebo and LY administration on lipoprotein and apolipoprotein levels are summarized in Table 2 . LY3015014 administration produced a significant and dose-dependent decrease in LDL-C. Least squares (LS) mean (95% CI) per cent reductions in LDL-C by beta quantification compared with placebo, from baseline to the end of the dosing interval (Week 16), were 214.9% (219.6, 210.2) with LY20 Q4W, 240.5% (245.0, 236.0) with LY120 Q4W, 250.5% (255.0, 246.0) with LY300 Q4W, 214.9% (219.5, 210.2) with LY100 Q8W, and 237.1% (241.9, 232.3) with LY300 Q8W, and 7.6% (3.2, 12.1) with placebo.
Significant reductions in percentage change in calculated LDL-C were evident at all visits during the treatment phase beginning 2 weeks following the initial dose for each treatment group (Figure 2) . The maximum LDL-C per cent reductions compared with placebo [LS mean difference (95% CI)] were 235.9% (240.8, 230.9), LY20 Q4W; 258.1% (263.0, 253.2), LY120 Q4W; 262.8% (268.3, 257.3), LY300 Q4W; 255.9% (260.9, 251.0), LY100 Q8W; and 262.3% (267.3, 257.4), LY300 Q8W (at Week 14, 300Q4 vs. PBO; at Week 10, all other LY dose groups vs. PBO). For patients who completed the treatment phase in the LY120 Q4W, LY300 Q4W, and LY300 Q8W dose groups, 53.8, 71.8, and 35.6% had LDL-C decreases of ≥50% measured 4 and 8 weeks, respectively, after the final Q4W and Q8W dose.
There were greater percentage reductions from baseline to trough LDL-C by beta quantification across all LY doses, except 20Q4, in patients taking statins compared with patients not taking statins (main effect, P¼0.006). Greater efficacy also was observed in patients with baseline LDL-C at or above the median compared with below the median (main effect, P , 0.001). A significant treatment interaction was observed with gender (P ¼ 0.028). Greater per cent reductions in LDL-C were observed among male patients vs. female patients with all LY doses, except 100Q8. Subgroup analyses are available in Supplementary material online, Figure S2 .
Decreases in LDL-C were accompanied by dose-dependent reductions in non-HDL-C ranging from 21.0 to 53.8% (P , 0.001), ApoB by 20.2 to 51.0% (P , 0.001), and TG by 9.7 to 18.6% (P , 0.05), for all pairwise comparisons with placebo. Increases in HDL-C from 5.6 to 7.2% were observed with the LY120 Q4W, LY300 Q4W, and LY300 Q8W dose groups (P , 0.05 compared with placebo). Reductions in Lp(a) ranging from 16.6 to 37.3% were observed with all Q4W dose groups and LY300 Q8W, compared with 0.31% reduction with placebo (P , 0.05 by log-transformed analysis).
Consistent with the mechanism of action, LY decreased free PCSK9 levels in a dose-dependent fashion with a maximum 77.9% reduction from baseline with LY300 Q4W compared with placebo. Total PCSK9 levels increased by up to 132.5% with LY300 Q4W compared with placebo. There were no significant changes from baseline in hsCRP with LY. Safety and efficacy of LY3015014
Safety assessments
No treatment-related serious AEs were reported ( Table 3 , Safety Data). Overall, 21 (4.0%) of patients discontinued study drug or study due to an AE, without a difference among treatment groups.
Mild injection site (IS) reactions, including IS pain and IS erythema, were the most common AEs reported more frequently with LY compared with placebo. Three patients discontinued study drug due to IS-related AEs, including IS reaction (LY120 Q4W), IS erythema (LY300 Q4W), and IS urticaria (LY300 Q8W). Ninetytwo per cent of IS-related AEs were mild; there were no severe IS AEs. Positive anti-drug antibodies (ADA) were detected post-baseline in 6.5% of LY-treated patients and 4.7% of placebo patients. Twentythree LY patients and no placebo patients demonstrated greater than four-fold increase in titre from baseline to the final follow-up visit. The ADA assay was not drug tolerant and was able to detect ADAs when LY levels were below 0.1 mg/mL, which occurred at the final follow-up visit in 96, 48, and 14% of patients in the LY20 Q4W, LY120 Q4W, and LY300 Q4W groups and in 95 and 60% of patients in the LY100 Q8W and LY300 Q8W groups.
Two patients (0.5% of LY-treated patients) with greater than fourfold increases in ADA titre had a .80% reduction in peak LY level following their last drug administration compared with their first one, associated with a more rapid return of LDL-C levels to baseline compared with group means. None of the 132 patients with LY levels .0.1 mg/mL at the final follow-up visit, precluding sensitive detection of ADAs, had a .80% reduction in peak LY levels from the first to last drug administration, indicating a low likelihood of undetected, neutralizing ADAs. Ten patients (2.3% of LY-treated patients) with a greater than four-fold ADA titre increase reported an IS AE (mild severity in 9; moderate severity in 1). No severe or serious hypersensitivity reaction-related AEs were reported.
One death occurred in a patient receiving placebo; the precipitating event was adjudicated to be a sudden cardiac death. Five other adjudicated cardiovascular events occurred in four patients without a relationship to LY dose. Treatment with LY did not increase mean systolic or diastolic blood pressure or proportion of patients with increase in systolic blood pressure .20 mmHg or diastolic blood pressure .10 mmHg.
Creatine kinase elevations .5 times the upper limit of normal occurred in a comparable proportion of LY and placebo-treated patients. Elevations in aspartate aminotransferase or alanine aminotransferase levels .3 times the upper limit of normal were uncommon and not observed with the highest LY dosage group. Neurocognitive-related AEs were reported in 1.9% of LY patients and 3.4% of placebo patients. There was no significant correlation between the minimum calculated LDL-C achieved post-baseline and the proportion of patients reporting any AEs (odds ratio 1.02; 95% CI 0.97, 1.07; P ¼ 0.376 via logistic regression).
Discussion
In the current Phase 2 study, the subcutaneous administration of LY, a monoclonal antibody against PCSK9, dosed every 4 or 8 weeks, resulted in significant and durable reductions of LDL-C, non-HDL-C, Apo-B, and Lp(a).
The LS means reductions in LDL-C by beta quantification from baseline to end of treatment phase ranged from 214.9 to 250.5% with 20 -300 mg every 4 weeks and from 214.9 to 237.1% with 100-300 mg every 8 weeks, compared with 7.6% increase with placebo. Maximal reductions in calculated LDL-C by Friedewald equation were 262.8 and 262.3% with 300 mg LY dosed every 4 and 8 weeks, compared with placebo. The LDL-C reductions were maintained over the dosing interval for all three Q4W dose groups. Approximately two-thirds of the maximal effect was maintained at the end of the dosing interval for the LY300 Q8W group.
In the current trial, LDL-C reductions had greater durability than seen with previously studied PCSK9 antibodies.
1,6 -8 Maximal reductions of LDL-C do not fundamentally differ between these PCSK9 antibodies, but there are notable efficacy differences based on the dose and administration interval. Alirocumab at 150 mg every 2 weeks, evolocumab 140 mg every 2 weeks, and bococicumab 150 mg every 2 weeks maintained their LDL-C-lowering effects throughout their respective dosing intervals. Less frequent dosing at 4-week intervals for alirocumab 300 mg, evolocumab 350 mg, and bococicumab 300 mg resulted in inconsistent suppression of LDL-C levels. Although the clinical relevance of a more consistent reduction of LDL-C with Q4W dosing of LY is not known, it may offer the potential for enhanced cardiovascular benefits. 9 Additionally, reductions in other atherogenic lipoproteins, including non-HDL-cholesterol, ApoB, and Lp(a), were substantial. Similar to other monoclonal antibodies against PCSK9 in development, only modest improvements in the levels of TG and HDL-cholesterol were observed. The LDL-C lowering efficacy of LY was evident across multiple patient populations, including HeFH, polygenic hypercholesterolaemia, with and without diabetes, on statins or off statins, and at high or low BMI. A significant treatment interaction was observed for gender, with greater LDL-C reduction among male patients.
Compared with the .500% increase in total PCSK9 observed with alirocumab, 10 total PCSK9 increase was substantially less with LY (maximum 132.5% increase with LY300 Q4W compared with placebo) in this study. This reduced accumulation of LY may reflect a difference in LY binding to PCSK9 compared with other PCSK9 antibodies in development. 4, 5 As the LY-binding epitope does not include the furin cleavage site, the antibody may bind while allowing normal proteolytic degradation of PCSK9, minimizing accumulation of PCSK9.
11
No clinically relevant safety issues emerged with the administration of LY. Serious treatment-related AEs were not reported and common AEs, other than IS-related erythema or pain, did not differ between LY and placebo. Most importantly, there was no effect of LY on mean plasma levels of parameters of liver toxicity (ALT, AST, and total bilirubin). LY3015014 also did not affect skeletal muscle AE reporting, mean changes in serum CK, or incidence of CK outliers. Similar to alirocumab and evolocumab, 12, 13 nasopharyngitis was the most commonly reported AE; however, there was no dose-related increase with LY. As seen with alirocumab, evolocumab, and bococizumab, the adverse effect profile of LY, in terms of liver and muscle, is distinctly different from that of statins, fibric acid derivatives, or nicotinic acid. However, IS reactions did occur more frequently with LY administration. These reactions were generally mild and only 3 out of 527 randomized patients stopped treatment for this reason. The presence of neutralizing antibodies cannot be excluded in two patients with a post-baseline increase in ADA titre who demonstrated reductions in LY level and LDL-C response. The clinical relevance of potentially undetected ADAs with long-term treatment is unknown. However, over the duration of this Phase 2 study, they were of doubtful clinical relevance, considering the robust LDL-C reductions observed.
Long-term safety data for PCSK9 antibodies are eagerly awaited from ongoing large cardiovascular outcomes trials (ODYSSEY Outcomes, NCT01663402; OSLER-2, NCT01854918; FOURIER, NCT01764633; SPIRE-1, NCT01975376; and SPIRE-2, NCT01975389) in which overall .50 000 patients will be recruited.
In conclusion, this study showed that LY, a monoclonal antibody against PCSK9, resulted in robust and durable reductions in LDL-C when dosed every 4 or 8 weeks. The short-term safety profile of LY was comparable to that described for other antibodies against PCSK9. Evaluating the long-term safety profile and effects on cardiovascular outcomes require further investigation.
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